Mammalian biological processes such as inflammation, involve regulation of hundreds of genes controlling onset and termination. MicroRNAs (miRNAs) can translationally repress target mRNAs and regulate innate immune responses. Our model system comprised primary human keratinocytes, which exhibited robust differences in inflammatory cytokine production (interleukin-6 and tumor necrosis factor-␣) following specific Toll-like receptor 2 and 4 (TLR-2/TLR-4) agonist challenge. We challenged these primary cells with Porphyromonas gingivalis (a Gram-negative bacterium that triggers TLR-2 and TLR-4) and performed miRNA expression profiling. We identified miRNA (miR)-105 as a modulator of TLR-2 protein translation in human gingival keratinocytes. There was a strong inverse correlation between cells that had high cytokine responses following TLR-2 agonist challenge and miR-105 levels. Knock-in and knock-down of miR-105 confirmed this inverse relationship. In silico analysis predicted that miR-105 had complementarity for TLR-2 mRNA, and the luciferase reporter assay verified this. Further understanding of the role of miRNA in host responses may elucidate disease susceptibility and suggest new anti-inflammatory therapeutics.
Mammalian biological processes such as inflammation, involve regulation of hundreds of genes controlling onset and termination. MicroRNAs (miRNAs) can translationally repress target mRNAs and regulate innate immune responses. Our model system comprised primary human keratinocytes, which exhibited robust differences in inflammatory cytokine production (interleukin-6 and tumor necrosis factor-␣) following specific Toll-like receptor 2 and 4 (TLR-2/TLR-4) agonist challenge. We challenged these primary cells with Porphyromonas gingivalis (a Gram-negative bacterium that triggers TLR-2 and TLR-4) and performed miRNA expression profiling. We identified miRNA (miR)-105 as a modulator of TLR-2 protein translation in human gingival keratinocytes. There was a strong inverse correlation between cells that had high cytokine responses following TLR-2 agonist challenge and miR-105 levels. Knock-in and knock-down of miR-105 confirmed this inverse relationship. In silico analysis predicted that miR-105 had complementarity for TLR-2 mRNA, and the luciferase reporter assay verified this. Further understanding of the role of miRNA in host responses may elucidate disease susceptibility and suggest new anti-inflammatory therapeutics.
The innate immune response is a crucial first line of defense against pathogens. Host detection of microbes occurs through pattern recognition receptors, including Toll-like receptors (TLRs) 2 that are expressed on many cells, including macrophages, monocytes (1) , and keratinocytes (2) . To date, 11 TLRs have been identified in humans, recognizing a range of distinct and conserved microbial molecules (3) . TLRs responding to particular pathogens may activate complex networks of pathways and interactions, positive and negative feedback loops, and multifunctional transcriptional responses (4) . Among the key downstream targets of these networks are NF-B, mitogen-activated protein kinases, and members of the IRF family (5) . Proper regulation of the gene products comprising these networks by transcriptional and post-transcriptional processing is not only important for selective pathogen elimination but also for preventing excessive accumulation of cytokines such as interferon-␤, interferon-␥, IL-6, and TNF-␣ that initiate the host defense against microbial attack (6) . Deregulated expression of these cytokines has been implicated in cancer, autoimmunity, and hyper-inflammatory states (7) (8) (9) .
MicroRNAs (miRNAs) have been implicated in pathwaylevel regulation of complex biological processes (10) . The role of miRNA-based regulation of the innate immune responses is a current topic of investigation (11) . Mammalian miRNAs are a class of conserved, small noncoding RNA oligonucleotides that function as negative regulators of translation for multiple target transcripts (12) . As many as 5000 distinct miRNAs may be transcribed and processed in mammalian cells (13) (14) (15) (16) (17) . Mature miRNAs bind to specific cognate sequences in the 3Ј-UTRs of target transcripts, resulting in either mRNA degradation or inhibition of translation (12) .
In mammalian cells, the miRNAs provide a key level of biological regulation in developmental and differentiation pathways (18) . Deregulation of specific miRNA abundance has been associated with malignancies in the colon, breast, and lung (19, 20) . Recently, miRNAs have been shown to modulate the NF-B pathway (miR-146a) (21) and negatively regulate TRAF6, IRAK1 (miR-155) (22) , or SOCS3 (miR-203) (23) . It is presently unclear how miRNAs regulate cellular pathways in innate and inflammatory processes, where precise control of complex networks is needed to engage an appropriate response to microbes that avoids a cytokine storm.
Periodontitis is a common chronic inflammatory condition affecting 50% of humans that results in loss of bone and teeth (24) . This disease is initiated by dental plaque, a microbial biofilm composed mainly of Gram-negative anaerobic bacilli (25, 26) , including the pathogen Porphyromonas gingivalis. Individual human variability in susceptibility to periodontitis is recognized (27) and may involve individual variation in the immune response (25, 26) . We identified innate immune variations within a bank of over 30 primary human gingival cell cultures (25) based on variations in cytokine response following TLR agonist challenge.
The present study tested the hypothesis that differential expression of miRNAs may account for some of the variability in innate immunity. To test this hypothesis, we selected three "normal" and three "diminished" cytokine-response phenotypes. We subjected the corresponding primary human gingival cell cultures to TLR agonist challenge and profiled the expression of 600 miRNAs. We found strong up-regulation of hsamiR-105 specifically in the diminished cytokine-response phenotype and furthermore showed that TLR-2 protein levels were depressed. This implies a concordant logic circuit in which miR-105 inversely regulates TLR-2 function. A computational (in silico) search of the miRNA database revealed that TLR-2 transcript is a potential target for miR-105 regulation at the 3Ј-UTR. This binding was confirmed using a linked luciferase reporter gene, and through small interference RNA and inhibitor (antagomir) studies a functional association with cell surface TLR-2 expression. We also confirmed this complementarity. We conclude that cell surface TLR-2 expression is inversely regulated by miR-105 expression in human gingival epithelial cells. This mechanism may reduce inflammatory cytokine production and provide a novel target for therapeutic intervention.
EXPERIMENTAL PROCEDURES
Cell Culture and Challenge Assays-A total of 13 human gingival epithelial cells (keratinocytes), with University of Louisville IRB approval, were obtained from healthy patients after third molar extraction. They were grown as previously described (28) to sub-confluence, sub-cultured, and challenged as described (2, 29, 30) . At confluence, they were challenged with heat-inactivated P. gingivalis (strain 33277) or 1 g/ml FSL-1 (Pam2CGDPKHPKSF, a synthetic diacylated lipoprotein and a specific ligand for TLR-2) (InvivoGen, CA). Cells were challenged for 24 h, and culture supernatants were subjected to IL-6 and TNF-␣ cytokine levels were measured by enzymelinked immunosorbent assay (BD Biosciences). The transcription factor NF-B assay was performed using a modified electrophoretic mobility shift assay technique with TransAM TM NF-B enzyme-linked immunosorbent assay kit from ActiveMotif (Carlsbad, CA) according to the manufacturer's instructions. HEK-293 (ATCC number: CRL-1573) cells were cultured following ATCC protocol. Briefly, the cell monolayer was washed and incubated with 2-3 ml of trypsin-EDTA solution to the flask and neutralized with trypsin inhibitor after 5 min. The cells were centrifuged and suspended in ATCC-formulated Eagle's minimum essential medium (catalogue no. with 10% fetal bovine serum (complete medium). The cells were propagated in complete medium until they were ready for transfection.
miRNA Array Profiling/Analysis-Total RNA was collected by the TRIzol method and purified with a Qiagen purification kit (Qiagen), and total RNA quality was analyzed using a Bioanalyzer 2100 (Agilent). Equal amounts of each sample were used to generate a reference pool. For each array to be hybridized, 2 g of total RNA from each sample, and the reference pool were labeled with Hy3 TM and Hy5 TM fluorescent label, respectively, using the miRCURY TM LNA Array labeling kit (Exiqon, Denmark) following the manufacturer's instructions.
The Hy3
TM -labeled sample and the Hy5 TM -labeled reference pool RNA were mixed and hybridized to the miRCURY TM LNA array version 8.1 (Exiqon). The hybridization was performed according to the miRCURY TM LNA array manual using a Tecan HS4800 hybridization station (Tecan, Austria). The miRCURY TM LNA array microarray slides were scanned by a ScanArray 4000 XL scanner (Packard Biochip Technologies), and the image analysis was carried out using the ImaGene 7.0 software (BioDiscovery, Inc.). Expression ratios were determined for microarray data by computing the background-corrected fluorescent signal from the query sample (Q)/reference sample (R). Ratiometric data were transformed to log 2 to produce a continuous spectrum of up-and down-regulated values. Data were normalized by plotting the difference, log 2(Q/R), against the average, (1/2) log 2(Q*R) followed by the application of locally weighted regression (lowness) to smooth intensitydependent ratios. The log 2(Hy3/Hy5) intensity data were uploaded into GeneSpring v7.3 for two-way analysis of variance (factors ϭ cell-line and second treatment), using a parametric test with variances assumed equal, ␣ cutoff (p ϭ 0.05) to generate a heat-map through bi-directional hierarchical clustering (31, 32) .
TLR-2 mRNA and miR-105 Real-time PCR-Total RNA was extracted from cultured cells using TRIzol reagent (Invitrogen). The isolated total RNA samples were used for first strand cDNA synthesis with specific miR-105 hairpin loop primers (Applied Biosystems, Foster City, CA). Real-time PCR was performed by using 1 ng of cDNA with an miR-105-specific primer and probe on an ABI 7500 system (Applied Biosystems) in the presence of TaqMan DNA polymerase. The data were analyzed by normalizing miRNA level to miRNA RNU48 (small nucleolar RNA used as internal control, which has least variability across the cell types and challenges). For TLR-2 mRNA quantification, the total RNA was converted to single-stranded cDNA using a cDNA archive kit (Applied Biosystems) and 100 ng of cDNA to quantify TLR-2 mRNA using the TaqMan method (Applied Biosystems). Glyceraldehyde-3-phosphate dehydrogenase was the internal control, and -fold increase was calculated as described (33) .
Transfection of miRNA-Epithelial cells were transfected with 100 pmol of miR-105 mimic (UCAAAUGCUCAGACUC-CUGUGGU) and miR-105 inhibitor (AGTTTACGAGTCT-GAGGACACCA) (Dharmacon, CA) and co-transfected with 100 pmol of small interference RNA control, labeled with 6-carboxyfluorescein to monitor transfection efficiency. The transfection reaction was performed using FuGENE 6 reagent (Roche Applied Science). Cells were challenged with P. gingivalis/FSL-1 for 24 h following transfection.
Immunohistochemistry-The cells were seeded onto collagen-coated chamber glass slides (Lab-Tek TM II Chamber Slide, Nalgene Nunc International, Rochester, NY). At 50 -60% confluence, the cells were transfected either with miR-105 mimic or miR-105 inhibitor or with scrambled small interference RNA using FuGENE 6 transfection reagent as described above. The transfection reaction was performed for up to 24 h and replaced with fresh medium. The challenge assay was performed afterwith anti-human TLR-2 antibody overnight at 4°C followed by Alexa Fluor 488 anti-mouse IgG in 3% bovine serum albumin (1/500, InvitroGen) for 1 h at room temperature and SYTO 83-orange for 15 min. The stained cultures were photographed using a Confocal Laser Scanning Microscope (FV500, Olympus, Melville, NY).
Western Blotting-Total protein was extracted from cells using radioimmune precipitation assay buffer after 24 h of challenge. The Western blot was performed by loading 25 g of total proteins on to each lane. Blotted membranes were blocked using 5% nonfat milk and incubated at 4°C overnight in anti-TLR-2 antibody (Cell Signaling Technology, Danvers, MA). The membranes were washed and incubated in anti-mouse IgG conjugated with horseradish peroxidase (Cell Signaling Technology) secondary antibody and signal was developed using ECL plus TM Western blotting detection reagent (Amersham Biosciences). The ratiometric analysis of band intensity was calculated using FluorChem HD software (Alpha Innotech).
Luciferase Reporter Assay-The putative miRNA-105 target site of 52 bp within the 3Ј-UTR region of human TLR-2 mRNA (Ensembl transcript ID: ENST 00000260010) were synthesized with flanking SpeI and HindIII restriction enzyme sites. In addition, the primers with their putative binding site mutated, were also synthesized from Integrated DNA Technologies Inc. (sense primers: 5Ј-gctgactagtCATAGATGATCAAGTCCCTTATAAGAGTGGCATAGTATTTGCATATAACaagcttggac-3Ј; antisense primer: 5Ј-gtccaagcttGTTATATGCAAATACTATGCCACTCTTATAAGGGACTTGATCATCTATGactagtcagc-3Ј; mutated sense primer: 5Ј-gctgactagtCATAGATGATCAAGTCCCTTATAAGAGTGGCATAGTCATATAACaagcttggac-3Ј; and mutated antisense primer: 5Ј-gtccaagcttGTT-ATATGACTATGCCACTCTTATAAGGGACTTGATCATCTATGactagtcagc-3Ј). The sense and antisense strands of the oligonucleotides were annealed (34) . The annealed oligonucleotides were digested with SpeI and HindIII and ligated into the multiple cloning site of the pMIRREPORT Luciferase vector (Ambion, Inc.). The post-transcriptional regulation of pMIRREPORT luciferase vector was potentially regulated by miRNA interactions with the TLR-2 3Ј-UTR. We then transfected cultured HEK293 cells with each of these reporter constructs (pMIR-TLR2 or pMIR-mutTLR-2), as well as co-transfecting them with pMIF-cGFP-Zeo-miR-105 (pMIF-miR-105) FIGURE 1. Normal and diminished cytokine response cells were challenged with heat-inactivated P. gingivalis (strain 33277) at 100 multiplicity of infection for 24 h, and RNA was miRNA microarray profiled using the miRCURY LNA Array (Exiqon). The heat map shows two-way hierarchical clustering of genes and samples (rows ϭ miRNA, columns ϭ sample). The color scale indicates relative expression: yellow, above mean; blue, below mean; and black, below background. Global microarray expression revealed distinct profiles for 109 miRNAs expressed among these cells (p ϭ 0.05) out of which, 26 well annotated miRNAs revealed distinct patterns (p ϭ 0.0037), and miR-105 is represented with a rectangular dotted box (A). This signal is up-regulated in the diminished cytokine response phenotype after challenging with heat-inactivated P. gingivalis and down-regulated in normal response cells after challenge (p ϭ 0.0017) (B). The stem loop of miR-105 with complimentarity to TLR-2 mRNA and sequence of antagomir used for the present study are shown (C). AUGUST 21, 2009 • VOLUME 284 • NUMBER 34
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plasmid (System Biosciences) following transfection with FuGENE 6 as noted above. Luciferase expression was assessed by confocal microscopy 24 h after transfection by use of antiLuciferase antibody (Abcam). The protein extract from the transfected cells was collected using radioimmune precipitation assay buffer and equal amounts of protein were tested by a Luciferase activity assay kit following the manufacturer's instructions (Stratagene).
Statistical Analysis-The microarray statistical analysis is detailed under "miRNA Array Profiling/Analysis" above. The mRNA -fold increase data were calculated according to the ⌬⌬C T method (33) . Cytokine data were evaluated by analysis of variance using the InStat program (GraphPad, San Diego, CA) with Bonferroni corrections applied. Statistical differences were declared significant at p Ͻ 0.05 level. Statistically significant data are indicated by asterisks (p Ͻ 0.05 (*), p Ͻ 0.01 (**), and p Ͻ 0.001 (***)).
RESULTS
MiR-105 Is Up-regulated in Human Gingival
Keratinocytes with a Diminished Inflammatory Response-We hypothesized that miRNAs may play a role in innate immune response variation (25) and could differentiate periodontitis disease-susceptible and disease-resistant subjects. From a bank of over 30 primary cell cultures of human gingival epithelial cells (HGECs) (2) we selected cultures having a diminished cytokine response type and "normal" response type as reported previously. Briefly, the rule specification for the latter selected cells that up-regulated IL-6 and TNF-␣ production by at least 2-fold after 4-h challenge with TLR agonists, and the rule for the former (diminished) phenotype was no significant increase in pro-inflammatory cytokine production after challenge. We thus tested in depth the 3 diminished cytokine response primary cultures against 3 representatives of the normal HGEC type chosen from the median of the range of the 13 available cultures (2).
We performed chip-based miRNA profiling from normal and diminished cytokine response cells challenged with heatinactivated P. gingivalis, a TLR-2 and TLR-4 agonist. The data were deposited in the Gene Expression Omnibus data base under the platform GPL7423 and series GSE13042 (www.ncbi.nlm.nih.gov/geo). In the preliminary statistical analysis, the normalized miRNA data were analyzed by twoway analysis of variance (phenotype, treatment, and interaction) for all miRNA chips. Of the 600 miRNA species tested on the platform, 95 miRNAs were significantly different between phenotypes and 45 between treatments. Among the 109 miRNAs that were differentially expressed only 26 were well annotated. These 26 were significantly altered by challenge with heat-inactivated P. gingivalis when compared with unstimulated cells (p ϭ 0.0038). The miR-105 signal was markedly down-regulated in normal versus diminished cells after TLR agonist challenge (Fig. 1A) (p ϭ 0.0017) .
In silico analyses revealed 1060 hits for miR-105 targets and predicted complimentarity to TLR-2 (Fig. 1C) . Because we noted miR-105 up-regulation in the diminished cytokine response cells, we constructed a computational matrix for miR-105 targets, which revealed 37 potential mRNA targets across species. In matrix, hsa-miR-577 and hsamiR-19b were also differentially expressed between normal and diminished cells but to a lesser degree than miR-105 (see dotted box in Fig. 1A) . Numerical expression values were plotted to show the difference between normal and diminished cell types (Fig. 1B) . For this reason, we focused on miR-105.
TLR-2 mRNA Up-regulation Correlates with Pro-inflammatory Cytokines in Gingival Keratinocytes-
Because P. gingivalis signals through both TLR-2 and TLR-4 (2, 35) we evaluated TLR-2 mRNA by quantitative real-time PCR after challenging both cell types with FSL-1, a specific agonist to TLR-2. Analysis of TLR-2 mRNA abundance between phenotypes revealed a 2.5-fold up-regulation with P. gingivalis challenge and a 4.5-fold upregulation with FSL-1 challenge relative to the unstimulated control (p ϭ 0.001) (Fig. 2A) . In striking contrast, diminished cytokine response cells did not show this up-regulation ( Fig. 2A) . TLR-2 induction upon P. gingivalis or FSL-1 stimulation is consistent with TLR-2 recognition of P. gingivalis (36, 37) . Furthermore, IL-6 cytokine protein levels corresponded to corresponding mRNA levels. Normal response cells up-regulated their IL-6 ( Fig. 2B ) and TNF-␣ (Fig. 2C) production following P. gingivalis or FSL-1 challenge, and again this response was not evident in diminished response cells (Fig. 2, B and C) . We also explored IL-12p40 secretion in the gingival epithelial cells after P. gingivalis and FSL-1 challenge. The primary gingival epithelial cells do not secret IL-12p40. 3 This has to be further verified and hence not included in the present study.
Modulation of TLR-2 Protein
Expression by miR-105-Confirmation of the differential expression of miR-105 was sought by a non-array method. The real-time PCR data indicated an 8-fold up-regulation of miR-105 following P. gingivalis challenge, and an 11-fold increase following FSL-1 challenge, in diminished-response cells relative to an internal benchmark, miRNA RNU48 (Fig. 3, A and B) . Consistent with the microarray data, the normal response cells did not show significant up-regulation of miR-105 (Fig. 3) .
Search of the open miRNA data base revealed over 1060 potential target transcripts for miR-105. These potential target genes were loaded onto Ingenuity pathway analysis (Ingenuity Systems Inc.) software to discover the most significant pathways associated with the global miR-105 target genes. This analysis revealed a preponderance of immune diseases (data not shown) and identified TLR-2 as one of the important targets. Because microarray profiling revealed miR-105 as the most significant miRNA discriminating between normal and diminished HGEP phenotypes, we tested for evidence that miR-105 expression would down-regulate TLR-2 as well as proinflammatory cytokines in the 3 selected cell types, as well as across the broader panel of 13 HGECs available. This analysis revealed a generalized, strong inverse correlation between TLR2 protein and miR-105 gene expression (Fig. 3, B and C) .
We next sought to determine whether miR-105 directly modulated TLR-2 mRNA and/or protein expression in HGECs. To test this, we transfected miR-105 mimic (same sequence as mature miR-105) and miR-105 antagomir (sequence complementary to miR-105, which blocks its effect) to diminished cytokine cell phenotypes. After miR-105 transfection, the cells were challenged for 24 h with either heat-inactivated P. gingivalis or FSL-1. The diminished cytokine response cells transfected with miR-105 antagomir up-regulated the TLR-2 protein levels in either challenge (Fig. 4A ) compared with mock transfected cells. This indicates a role for miR-105 in modulating TLR-2 protein expression and implies a post-transcriptional repression of TLR-2 translation. However, the miR-105 antagomir control cells expressed higher TLR-2 protein versus non-transfected cells. This implies a role for miR-105 in modulating basal receptor expression, an inference supported by the correlation of TLR-2 and miR-105 (Fig. 3, B and C) . Evidence for a functional relationship was sought by transfecting miR-105 antagomir into diminished cytokine response cells challenged with P. gingivalis and FSL-1. This scenario induced significantly higher IL-6 and TNF-␣ compared with mock control, confirming that miR-105 overexpression is biologically relevant (Fig. 4, C and D) . Because we previously showed that P. gingivalis activates NF-B (38) and induces cytokines (39) , the induction of IL-6 in miR-105 mimic and antagomir-transfected cells was further verified by measuring NF-B activity by modified electrophoretic mobility shift assay technique (FACE kit, ActifMotif). The miR-105 inhibitor-transfected cells exhibited increased NF-B activity upon P. gingivalis and FSL-1 ligand challenge (data not shown). The normal cell phenotype transfected with miR-105 mimic down-regulated NF-B activation after P. gingivalis or FSL-1 challenge suggesting that miR-105 induction is dependant on NF-B.
MiR-105 Modulated Surface TLR-2 Expression-The functional relationship was further confirmed by Western blot for TLR-2 and immunohistochemistry after inhibiting miR-105. Overexpression of miR-105 mimic in normal cells challenged with FSL-1 suppressed TLR-2 protein levels compared with scrambled miRNA target or mock transfection (Fig. 5A) . We then sought to determine the effect of reducing the miR-105 levels by transfecting miR-105 antagomir into the cell type with miR-105 up-regulation. Lysates of cells challenged with FSL-1 had increased TLR-2 protein (Fig. 5B ). The antagomir control had increased TLR-2 protein level confirming our TLR-2 mRNA observations (Fig. 3A) , which correlated with the expression of miR-105.
Surface expression of TLR-2 immunoreactivity was confirmed by confocal microscopy. TLR-2 expression was downregulated in cells transfected with miR-105 mimic and challenged with FSL-1 (Fig. 6D) . In contrast, TLR-2 expression was retained in cells transfected with miR-105 antagomir (Fig. 6C) . This confirmed that miR-105 up-regulation suppressed TLR-2 protein expression on the cell surface. These data are consistent with observations of another miRNA, let-7i, and the link between surface TLR-4 expression, NF-B activation, and cytokine modulation.
To test if we had predicted correctly the binding site for miR-105 on TLR-2, miR-105 binding to the 3Ј-UTR of TLR-2 was assessed by cloning a putative cognate 22-bp fragment from 332 bp away from the stop codon (Ensembl transcript ID: ENST00000260010) to the multiple cloning site located at the 3Ј-UTR of the Luciferase reporter gene in pMIRREPORTER. A mutant vector was also constructed by deleting the predicted AGTTTA binding site of miR-105 and cloning the fragment into a multiple cloning site located in the 3Ј-UTR of the Luciferase reporter gene. Co-transfection of HEK293 cells with Luciferase construct (pMIR-TLR2) and a vector overexpressing miR-105 precursor (pMIF-miR-105) inhibited Luciferase activity (Fig. 7A, panel C) . The mutant Luciferase vector (pMIRmutTLR2) co-transfected with pMIF-miR-105 retained lucifer- 
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ase activity (Fig. 7A, panel D) . Cell lysates had significantly less luciferase from samples co-transfected with pMIR-TLR2 and pMIF-miR-105 (Fig. 7B) . This confirms our in silico prediction of the binding site. We may conclude that modulation of TLR-2 expression by miR-105 occurs through binding to the 3Ј-UTR of TLR-2 mRNA, thus inhibiting TLR-2 translation.
DISCUSSION
This study identified miR-105 as a modulator of TLR-2 protein translation in human gingival keratinocytes. There was a strong inverse correlation between cells that naturally had high cytokine responses following TLR-2 agonist challenge and miR-105 levels. Knock-in and knock-down of miR-105 confirmed this inverse relationship. In silico analysis predicted that miR-105 had complementarity for TLR-2 mRNA, and the luciferase reporter assay verified this.
Recently, miRNAs have been shown to fine-tune innate immune responses (40) . For example, miR146a/b was up-regulated in an NF-B-dependent manner (21) . In another study, IL-6 induced let-7a-modulated apoptosis in cholangiocytes (41) and up-regulated miR19a and -19b while down-regulating SOCS1 (suppressor of cytokine signaling 1), a gene important in negative regulation of TLR signaling (42) . The present study adds miR-105 to the panel of miRNA species known to influence innate immune function.
Human miR-105 is located on the intronic region of GABRA3A (␥-aminobutyric acid receptor 3␣), which resides on the X chromosome. Certain types of tumor cells have been shown to transcribe miR-105 but lack processing machinery in the nucleus to form mature miRNA (43) . It is still unclear how miR-105 is processed and exported out of the nucleus in gingival epithelial cells. Perhaps it is analogous to miR-155, which is present on the B-cell integration cluster transcript up-regulated with polyriboinosinic:polyribocytidylic acid or the cytokine interferon-␤ challenge. The up-regulated B-cell integration cluster transcript with miR-155 precursor undergoes processing to export mature miR-155 out of the nucleus, which suppresses the macrophage inflammatory response via c-Jun NH 2 -terminal kinase pathway (21). High basal secretion of IL-6 seen in deficient cell types may be explained by multiple factors such as activation of NF-B at the basal level or cAMP signaling. IL-6 production is not solely dependent on NF-B, and the IL-6 gene in epithelial cells contains cAMP-responsive elements on the promoter that are important for its transcriptional regulation (35, 44) .
Agonist availability and receptor compartmentalization are pivotal in regulating TLR signaling (45) . TLR itself may be degraded, preventing ligand activation, or its protein expression may be inhibited (45) . It has been shown that expression of TLR-4 is necessary for intestinal homeostasis (46) , increases in TLR-4 are pathogenic in lupus-like autoimmune disease (47) , and increased TLR-2 levels are associated with the response to vaccinia virus (48) . Taken together, the receptor surface levels regulate pathogen recognition and inflammatory responses.
Up-regulation of miR-203 has been shown to inhibit the suppressor of cytokine signaling 3 (SOCS3) involved in inflammatory responses and keratinocyte function (23) , repress the expression of p63-promoting differentiation of epithelium (49) , and repress stemness by targeting DeltaNp63 (50) . In contrast to miR-105, the TLR ligands tested did not up-regulate miR-155 in our epithelial cell model, although both miR-146 a/b were up-regulated (data not shown). This suggests that miR-155 is not involved in the down-regulation of epithelial cell cytokines, but miR-146 a/b might have a role in inhibiting IRAK1 and TRAF6 protein expression as previously observed (21) .
It is unclear how miRNA-105 itself is regulated in gingival epithelial cells, because its precursor resides on intron I of the GABRA3A gene within the X chromosome and has a neurotransmitter function (51) . Lithium has been used as a potent drug against affective neurological disorders (52). By inhibiting glycogen synthase kinase 3 (53), lithium invokes an anti-inflammatory response (54) . The ␥-aminobutyric acid receptor has been shown to inhibit immune responses of T cells, and modulation of this receptor influences T-cell responses and autoimmune diseases (55) . These data also suggest that intronic regions are involved in regulating cell function.
Our diminished cytokine response cell findings reflect the observation made with TLR-2 knock-out mice (37) in that the low inflammatory response correlates with the low level of TLR-2 expression in these cells. These data also confirm other studies (21, 22, 34) showing that miRNAs may play a crucial role in modulating immune function. Although miR-105 targets TLR-2 and can induce down-regulation of cytokine production in primary epithelial cell cultures, it is unlikely that low cytokine response is solely explained by miR-105 regulation. Instead, miR-105 may play an important role in fine-tuning TLR-2 response to control excessive inflammation. Further understanding of the mechanism of miR-105 and other targets may lead to a better understanding of variations in inflammatory responses within the oral mucosa and to new anti-inflammatory therapeutics.
